Modulation of Drug Effects by Regional Sympathetic Denervation and Supersensitivity
Marshall S. Stanton, MD, and Douglas P. Zipes, MD Background. Regional sympathetic denervation, such as that produced by a myocardial infarction, causes electrophysiological heterogeneity in the ventricles. The purpose of this study was to test the hypothesis that such denervation could cause drugs to exert heterogeneous myocardial effects.
Methods and Results. Sympathetic stimulation increases the amplitude of cesium chlorideinduced early afterdepolarizations (EADs). The amplitude of these induced EADs was used to determine whether drug responses were different in innervated versus denervated areas of the heart. A canine model of sympathetic denervation was created at the cardiac apex by either transmural myocardial infarction (n= 19) or phenol application (n = 11). Cesium chloride (84 mg/kg) was infused while monophasic action potential recordings were simultaneously obtained from the base and apex of the left ventricle using an epicardial contact electrode. We found that control (innervated) dogs (n = 17) showed no difference in the EAD amplitude recorded from the apex compared with the base. In dogs with apical sympathetic denervation, the EAD amplitude was greater at the innervated base during ansae subclaviae stimulation than at the denervated apex (25.8+6.6% at base versus 18.8±6.7% at apex,p<0.001). However, during norepinephrine infusion, the EADs recorded from the denervated apex were greater than those recorded from the innervated base (23.3+±7.6% at apex versus 20.6+6.90% at base, p <0.02) due to denervation supersensitivity.
Conclusions. These data show that regional myocardial denervation creates autonomic and electrophysiological heterogeneity and the substrate for heterogeneous drug actions. This drug-induced electrophysiological heterogeneity may be another mechanism for proarrhyth- 
Surgical Procedure
The dogs were anesthetized with sodium pentobarbital, intubated with a cuffed endotracheal tube, and ventilated with room air by a constant-volume ventilator (model 607, Harvard Apparatus, South Natick, Mass.). Using sterile technique, a thoracotomy was performed in the left fifth intercostal space, the ribs and lungs were retracted, and the pericardium was incised. After either phenol application or latex injection (described below), the chest was closed in layers, and negative pressure was reestablished in the pleural cavity. Antibiotics were administered for 5 days after surgery, and analgesics were given as needed.
Phenol Application
Eleven dogs had epicardial phenol (88% carbolic acid) applied. Topical application of phenol selectively interrupts the sympathetic nerves coursing through the subepicardial region without affecting the underlying myocardium.1 Phenol was applied across the mid left anterior descending coronary artery and then along the entire course of a moderate-to-large-size diagonal vessel near the midanterior wall. This was repeated three times at 10-minute intervals.
Latex Injection
Nineteen dogs underwent latex injection into a moderate-to-large-size diagonal branch of the left anterior descending coronary artery to create a transmural myocardial infarction in the midanterior wall. From 5 to 7 mm of the proximal segment of the diagonal vessel were isolated, and two silk ligatures were placed under the artery. The proximal ligature was tied, and the distal ligature was maintained under traction to prevent bleeding. The vessel was incised and cannulated with a small plastic catheter. The distal ligature was then tightened to secure the catheter in the artery, and 0.3-0.7 ml of a rapidly hardening vinyl latex solution (Carolina Biological Supply) was injected into the artery to embolize the vasculature. The catheter was then removed, and the distal ligature was tied around the artery. We have shown repeatedly that a careful surgical dissection does not, in itself, interrupt sympathetic innervation.2,45 Latex-induced myocardial infarction is not arrhythmogenic.10,16
Electrophysiological Study
All dogs that were operated on underwent openchest electrophysiological study 7-14 days after surgery to confirm the presence of sympathetic denervation and supersensitive shortening of the effective refractory period (ERP) to norepinephrine infusion.
For electrophysiological study, dogs were anesthetized with sodium pentobarbital, intubated, and ventilated with room air by a Harvard respirator. The right femoral artery was cannulated with a heparinized saline-filled polyethylene catheter to monitor blood pressure continuously. The right femoral vein was cannulated with a polyethylene tube to infuse normal saline and administer cesium chloride or norepinephrine during the study. A midline neck incision exposed the right and left cervical vagi, which were isolated, doubly ligated, and transected. After a median sternotomy, the pericardium was opened and served as a cradle when sutured to the sternal wound. The left and right ansae subclaviae were isolated, doubly ligated, and transected. Shielded bipolar electrodes were placed on both ansae subclaviae for later stimulation. Bipolar plunge electrodes were inserted in the right atrial appendage and right ventricular myocardium to record atrial and ventricular electrograms. Four unipolar stimulating electrodes were placed in the midmyocardium of the anterior left ventricle -two in normal myocardium basal to and two in normal myocardium apical to the site of the phenol application or myocardial infarction. An indifferent electrode plate was placed subcutaneously in the anterior abdominal wall. The region of the sinus node was crushed with a large clamp applied to the lateral right atrial border. This does not influence ventricular innervation.1
The ERP of the left ventricular myocardium at the two apical and two basal sites was determined by the extrastimulus technique at a pacing cycle length of 300 msec. Late diastolic threshold was measured at each site before each determination of the ERP, and unipolar cathodal stimulation was performed with rectangular pulses of 2-msec durations at twice diastolic threshold. A train of eight stimuli (S1) was followed by a late premature stimulus (S2) that initially produced a conducted ventricular response. The S1-S2 interval was shortened by 1-msec decrements near the ERP until the ERP was reached. ERP was defined as the longest S1-S2 interval at which the S2 stimulus failed to produce a response on two successive attempts. The S1-S2 interval was then increased by 10 msec and again decreased by 1-msec decrements until the ERP was reached. The second measurement of the ERP had to be within 2 msec of the first, or the data were discarded and the testing After completion of ERP testing, one epicardial MAP probe was placed on the anterobasal region of the left ventricle near the site of the two unipolar pacing electrodes, and the other MAP probe was similarly placed on the apical left ventricle. The ventricle was paced at a constant cycle length of 600 msec. MAPs were recorded in the baseline state during cesium injection, during ansae subclaviae stimulation and cesium injection, and during norepinephrine infusion and cesium injection.
Cesium chloride (84 mg/kg) was administered as a bolus over 10 seconds. MAP recordings, surface electrocardiographic lead II, and right atrial and right ventricular electrograms were recorded during each cesium injection and for 60 seconds thereafter. The dog was allowed to recover for 30 minutes, and the cesium bolus was given after 4-6 minutes of bilateral ansae subclaviae stimulation, as described above. After 30 minutes of recovery, norepinephrine was infused for 5-10 minutes, as described above, and cesium administration at the same dose was repeated. EAD and MAP measurements were made 30 seconds after cesium injection from measurements of four consecutive ventricular paced complexes.
Statistics
Data are given as mean±+SD. Statistical comparisons were performed using paired t tests.
Results

Control Group
The 17 control dogs showed no difference in EAD amplitude at the left ventricular base compared with at the apex after the ansae subclaviae were transected (baseline), during ansae subclaviae stimulation, or during infusion of norepinephrine (Table 1) . Com- pared with values obtained just after ansae subclaviae transection, ansae subclaviae stimulation increased EAD amplitude significantly at the apex but not quite significantly at the base (Table 2) . Similarly, norepinephrine infusion compared with baseline significantly increased EAD amplitude at the apex but not quite at the base.
Phenol and Myocardial Infarction Groups
Effective refractory period testing. There were no significant differences in ERP between each of the two basal sites or apical sites during baseline, ansae subclaviae stimulation, or norepinephrine infusion. Therefore, the ERP measurements from the two electrodes were averaged for each region.
After ansae subclaviae transection, there was no difference between the ERPs at the base compared with the apex in the phenol or myocardial infarction groups (Table 3) . However, with ansae subclaviae stimulation, ERPs shortened more at the innervated base than at the denervated apex in both the phenol and myocardial infarction groups. During norepinephrine infusion, the ERPs shortened more at the denervated apex than at the innervated base in both the phenol and myocardial infarction groups. Thus, a supersensitive response of the ERPs was demonstrated during norepinephrine infusion.
Early afterdepolarization measurements. There was no statistically significant difference between the phenol and myocardial infarction groups for cesiuminduced EAD amplitude at each site or test condition. Therefore, the phenol and myocardial infarction EAD data were pooled.
After transection of the ansae subclaviae, cesiuminduced EAD amplitude was slightly larger at the base than at the apex ( Table 1 ). The EAD amplitude was still greater ait the base than at the apex during ansae subclaviae stimulation. However, during norepinephrine infusion, the EAD amplitude was greater at the apex than at the base. Figure 1 shows analog recordings from a dog in the myocardial infarction group.
Seventeen dogs in the phenol and myocardial infarction groups demonstrated supersensitive shortening of ERPs to norepinephrine infusion. That is, norepinephrine-induced ERP shortening was greater at the denervated apex than at the innervated base. In these dogs, the difference in EAD amplitude between the apex and the base was even more marked (19 ing norepinephrine infusion.5S7 For example, norepinephrine elicits greater ERP shortening in the denervated area compared with innervated myocardium. In addition to confirming supersensitive shortening of refractoriness in response to norepinephrine, the present study demonstrates that a similar phenomenon occurs with cesium-induced EADs. During norepinephrine infusion, EAD amplitude became larger in the denervated, supersensitive region than in the innervated region, a reversal of what occurred during neural stimulation.
Study Importance
These findings have several important implications. Using 1231-radiolabeled metaiodobenzylguanidine, a guanethidine analogue taken up by sympathetic nerve terminals to obtain a sympathetic nervous 
